Abstract Basal ecosystem respiration rate (BR), which is the ecosystem respiration rate at a 68 given temperature, is an important parameter in empirical models for quantifying ecosystem 69 respiration (ER) across regional scales. Numerous studies have indicated that BR shows spatial 70 heterogeneity. However, most empirical models still use a globally constant rate in projecting the 71 spatial and temporal patterns of ER largely due to the lack of spatial patterns of functional 72 description of BR. In this study, we redefined BR to be ecosystem respiration rate at the mean 73 annual temperature based on the latest findings in order to produce BR values globally. We 74 conducted a synthesis analysis to examine previous findings over broader regions based on 276 75 site-years of eddy covariance data, from 79 research sites located at latitudes ranging from ~3ºS to 76 ~70ºN. Results showed that mean annual ER rate closely matches ER rate at mean annual 77 temperature across regional scales. Moreover, the relationship between mean annual ER and mean 78 annual gross primary production (GPP) has been re-examined at a larger spatial scale, observing a 79 strong correlation. According to these results ER at the mean annual temperature can be 80 considered as BR in empirical models, and can be estimated using the simulated GPP. In this study, 81 we used a light use efficiency GPP model (i.e. EC-LUE) to estimated GPP for retrieving global 82 patterns of BR. Incorporation of site-specific BR into global ER model substantially improved 83 simulated ER in comparison with those with the invariant BR at all sites. Global patterns of ER 84 were determined using the global MERRA (Modern Era Retrospective-Analysis for Research and 85
mean ER with GPP as well as ER rate at mean annual temperature. The data were obtained from 153 the AmeriFLUX (http://public.ornl.gov/ameriflux), EuroFLUX 154 (http://www.fluxnet.ornl.gov/fluxnet/index.cfm; Valentini, 2003) , and ChinaFLUX net 155 (http://www.chinaflux.org). Seventy-nine sites encompassing 276 site-years were included in this 156 study, covering 6 major terrestrial biomes: evergreen broadleaf forest (EBF), deciduous broadleaf 157 forest (DBF), mixed forest (MIX), evergreen needleleaf forest (ENF), grassland (GRS) and tundra 158 (TUN) ( Table 1) . Supplementary information on the vegetation, climate, and soil at each site is 159 available on-line. Half-hourly or hourly averaged photosynthetically active radiation (PAR), air 160 temperature (T a ), and friction velocity (u * ) were used together with net ecosystem exchange of 161 CO 2 (NEE) in this study. When available, datasets that were gap-filled by site primary 162 investigators were used. For other sites, data filtering and gap-filling were conducted according to 163 the following procedures. To avoid uncertainties introduced by the extrapolation to daily ER (ER day ), we only used 182 observed nighttime ER to examine the equivalence relationship between mean annual ER and its 183 rate at the mean annual temperature. Nocturnal ER and nocturnal temperature were calculated 184 based on half-hourly or hourly values. Daily values were excluded when missing hourly data 185 represented >20% of the time on a given day. Based on the daily nighttime data set, yearly mean 186 nocturnal ER and nocturnal mean temperature can be calculated. If missing daily data 187
represented >20% of entire year data, the value of this year was indicated as missing. On average, 188 30% of the years were rejected due to insufficient nocturnal observations. The rejected years 189 varied among sites from 60% (Blodgett) to 10% (Howland). 190
In order to characterize ER rate when nighttime air temperature equals to annual mean 191 nighttime temperature, the data processing was conducted according to the following procedures. 192
From the start of -30℃ until the maximum air temperature, daily temperature ranges were set 193 through every 1℃ increments of air temperature. For example, the first temperature range is from 194 -30 to -29℃, and so on. The daily nocturnal air temperature and ER were averaged through every 195 temperature range over all years within individual sites. Then, the temperature curves of ER can 196 be generated at each site. Typically, the temperature response curves of ER for each site can be 197 derived as shown in Fig. 1 , and ER rate at the mean annual temperature can be easily determined. recommend using independent estimates for correlation analysis between GPP and ER, which 202 minimize spurious correlations. Therefore, daily ER was calculated as the sum of NEE night and 203 daytime ER (ER day1 ) extrapolation by the Equation (1) using daytime air temperature with BR and 204 Q 10 fitted by half hourly nighttime measurements. Daily GPP was synthesized based on daily NEE 205 and daytime ER (ER day2 ), which was estimated by the Equation (2) and F GPP,sat , , A day and B day 206 were fitted only based on daytime flux measurements using a 7-day moving window. Thus, daily 207 ER was estimated only based on parameters derived from nighttime measurements and GPP was 208 estimated based on parameters using daytime measurments, which avoid the spurious correlation. 209
The same data filtering criterion as given above (i.e. 20%) was used to determining missing days 210 and years. 211
EC-LUE model 212
The spatial pattern of GPP is used in this study as a driver for driving global BR. We used a 213 light use efficiency GPP model, EC-LUE model, to estimate global GPP values [Yuan et al., 2007] . 214
The EC-LUE model may have the most potential to adequately address the spatial and temporal 215 dynamics of GPP because its parameters (i.e. the potential light use efficiency and optimal growth 216 temperature) are invariant across the various land cover types, and is driven by only four variables: 217 normalized difference vegetation index (NDVI), photosynthetically active radiation (PAR), air 218 temperature, and the ratio of sensible to latent heat flux (Bowen ratio). Recently, the ratio of 219 evapotranspiration (ET) and net radiation was used instead of the Bowen ratio, and the revised 220 RS-PM (Remote Sensing-Penman Monteith) model was used to quantify ET in order to strengthen 221 the capability for application at the large scales [Yuan et al., 2010] . Fifty-four eddy covariance 222 towers, including various ecosystem types, were selected to calibrate and validate the revised 223 EC-LUE model. Using estimated ET by revised RS-PM model as input, the EC-LUE model 224
showed good performance in both calibration and validation sites, explaining 75% and 58% of the 225 observed 8-day variation of observed GPP respectively. 226
Model validation 227
Observed ER at eddy covariance sites was used to compare with simulations of ER using 228 The mechanism for this equivalence relation is still unclear, but the studies on thermal 286 responses of respiration may provide some insights for understanding this finding. Temperature is 287 the most fundamental climatic factor influencing the kinetics of biochemical reactions, and 288 impacts almost all ecosystem carbon cycle processes. At undisturbed ecosystems, thermal 289 conditions directly determine respiring substrate supply in soil, which strongly regulates the 290 spatial heterogeneity of ER. For example, it is widely acknowledged that soil organic content 291 decreases along gradients of increasing temperature [Jenny, 1980; Post et al., 1982 Post et al., , 1985 . Plant 292 autotrophic respiration also represents the adaptation to the prevailing ambient temperature by 293 adjustment of enzyme activity and substrate availability [Atkin and Tjoelker, 2003] . 294
Moreover, annual mean temperature always is considered as a specific indictor for local 295 thermal conditions because the temperatures through the entire year always fluctuate above and 296 below around annual mean temperature. Typical frequency distribution of air temperature and 297 correlation analyses showed the highest frequency distribution occurs around the mean annual 298 temperature (Fig. 3) . Therefore respiration rate at the mean annual temperature has the most 299 potential to represent the quantification of ecosystem respiration in a given area. 300 <<Figure 3>> 301
Correlation between GPP and ecosystem respiration 302
Annual mean ER strongly correlated with annual mean GPP at regional scale based on 303 the flux measurements at eddy covariance sites (Fig. 4) . This is consistent with previous studies 304
including Janssens et al [2001] , Reichstein et al [2007] and Baldocchi [2008] that ecosystem 305 assimilation and respiration are strongly coupled on the annual time scale. However, recent study 306 argued that there is a spurious correlation between GPP and ER, because these component fluxes 307 are jointly estimated from the observed NEE [Vickers et al., 2009] . In this study, we estimated 308 GPP and ER based on the method proposed by Lasslop [2010] (see method). We do not compute 309 GPP as a difference, but moreover derive ER and GPP from quasi-disjoint NEE data subsets. 310
Hence, we minimize spurious correlations and still find a strong and highly significant positive 311 relation between annual GPP and ER. 312
<<Figure 4>> 313
Moreover, other lines of evidence also explain this significant correlation. Soil 314 respiration, an important component of ER, has shown a strong correlation with NPP (Net Primary 315 Production) across different vegetation biomes [Raich and Schlesinger, 1992] , with aboveground 316 net primary productivity in northern peatlands [Moore, 1986] and with aboveground litter 317 production in forest ecosystems [Schlesinger 1977; Raich and Nadelhoffer, 1989 ]. These studies 318 indicate a tight link between plant productivity and ecosystem respiration because primary 319 production provides the organic substrate that drives soil metabolic activity. In general, plant 320 autotrophic respiration is coupled to photosynthetic activity [Heilmeier et al., 1997] . Moreover, the 321 largest fraction of heterotrophic respiration originates from decomposition of young organic 322 matter (dead leaves and fine roots). Thus, both the root respiration and heterotrophic respiration 323 are dependent on primary productivity over broad spatial scales [Janssens et al., 2001] . 324
Global estimate of basal ecosystem respiration rate 325
In general, BR is defined as ER rate at a given temperature (e.g. 0 or 10℃), and the given 326 temperature usually is same for various geographical regions. In this study, we changed the 327 traditional definition of BR into ER rate at the mean annual temperature. By coupling the two 328 correlations shown in Fig. 2 and Fig. 4 , we can easily simulate BR from estimated GPP, and the 329 latter has been successfully addressed by the various models. We used nocturnal measurements to 330 examine the relationship between mean annual ER and its rate at the mean annual temperature 331 shown in Fig.2 in order to avoid calculation errors of daytime ER (see Section 2.1). This 332 equivalence relationship derived from nocturnal measurements was thought to hold between mean 333 annual daily ER and its rate at the mean annual temperature. EC-LUE model may have the most 334 potential to adequately address the spatial and temporal dynamics of GPP at the regional scales 335 [Yuan et al., 2007] , which can be used to produce spatial patterns of GPP as well as BR in this 336 study. In practice, the correlation through all ecosystem types was used to estimate BR based on 337 simulated GPP by EC-LUE model. 338
The derived spatial pattern of the BR at global scale shows a great spatial heterogeneity 339 (Fig. 5) . In this study, we redefined BR as ER rate at the mean annual temperature, so the spatial 340 pattern of BR greatly depends on thermal condition. In general, the BR is high over the tropical 341 rain forests and subtropical forest regions like the southeastern United States and the Pantanal 342 region of South American. Basal rate decreases with latitude at the northern and southern 343 hemispheres, which partly is caused by lower temperature. 344 <<Figure 5>> 345
Global estimation of ecosystem respiration 346
Incorporating the site-specific BR, Q 10 equation accounts for 71% of the variation of 347 monthly ER across all study sites (Fig. 6a) . Individually, the coefficients of determination (R 2 ) 348 varies from 0.30 at Audubon site to 0.91 at the Tharandt site, with all of them being statistically 349 significant at p<0.05 (data not shown). These results were compared with those obtained with a 350 globally invariant BR, which was set to the mean value of global BR over the vegetation regions 351 (2.16 g C m -2 day -1 ). In that case, the Q 10 equation only explained about 50% of variation of 352 monthly ER across the all study sites (Fig. 6b) , and the relative predictive errors (RPE) was 35% 353 averaged over all sites, compared to 23% using the site-specific BR. entire year data at each site, and ecosystem respiration rate at the mean annual temperature are 651 determined from temperature response curves of ecosystem respiration shown in Fig. 1 . November and December. 674 675 Fig.8 Global annual ecosystem respiration (ER) (g C m -2 y -1 ) using only gross primary production 676
